INTRODUCTION
============

Translation initiation of the vast majority of eukaryotic mRNAs occurs by a scanning mechanism, whereby the recognition of the mRNA\'s 5′cap structure (m^7^GpppN) by eukaryotic translation initiation factors (eIFs) is followed by the binding of the 40S ribosomal subunit and scanning downstream to the initiation codon ([@B1],[@B2]). The initiation factor eIF4F is responsible for positioning the 40S ribosomal subunit in proximity to the 5′cap structure. The 40S subunit is recruited to the mRNA as part of the 43S initiation complex, composed of the subunit bound to eIF2-GTP/Met-tRNAi (ternary complex), eIF1, eIF1A and eIF3. Upon attachment to the vicinity of the cap the ribosomal subunit scans the mRNA in a 5′ to 3′ direction until the initiation codon is encountered leading to the formation of the 48S initiation complex in which the initiator AUG is base paired to the anticodon of the initiator tRNA. At this stage, the eIFs are displaced from the 40S ribosomal subunit allowing the joining of the 60S subunit. Ribosomal subunit joining results in the formation of an 80S ribosome in which the initiator Met-tRNA is positioned in the ribosomal peptidyl (P) site ([@B3],[@B4]). In contrast to the canonical mechanism of eukaryotic translation initiation, the hepatitis C virus (HCV) mRNA uses an alternative ribosome recruitment mechanism by which the 40S ribosomal subunits directly binds to an RNA structure termed the HCV-internal ribosome entry site (IRES) ([@B5; @B6; @B7]). Ribosomal subunit binding to the HCV-IRES occurs in the absence of eIFs, in such a way that the initiation codon is placed in the immediate vicinity of the ribosomal P site not requiring ribosomal scanning ([@B5],[@B8],[@B9]). Subsequent addition of the ternary complex to the 40S/IRES complex is necessary and sufficient for the formation of the 48S complexes ([@B5],[@B6],[@B8]). Translation initiation factor eIF3 is not needed for 48S complex formation ([@B10]), however it specifically binds to the HCV IRES and is required for subsequent joining of the 60S subunit to the 48S complex to form functional 80S ribosomes ([@B5]).

The HCV IRES spans a region of ∼340 nt that encompasses most of the 5′ untranslated region (UTR) of the viral mRNA and the first 24--40 nt of the core coding region ([@B11],[@B12]). Under a physiological concentration of magnesium ions and in the absence of any additional factor, the 5′UTR is predicted to fold into a complex secondary/tertiary structure characterized by four major domains designated I to IV ([@B13]). Domains II, III and IV are necessary for IRES activity ([@B14]). Domain III is required for 40S ribosomal subunit and eIF3 binding ([@B7],[@B10],[@B15],[@B16]). Domain II is responsible for the substantial conformational changes in 40S subunits induced by IRES binding ([@B7]), and for efficient eIF5-induced hydrolysis of eIF2-bound GTP in the 48S complexes assembled on the IRES ([@B17]). Domain IV contains the initiation codon and a portion of the Core protein open reading frame (ORF) ([@B18]).

Mutational analysis of the HCV IRES shows that the integrity of the higher order RNA structure is critical for HCV IRES activity ([@B19; @B20; @B21]). In an effort to further characterize the function of the different IRES structural domains on IRES function we undertook the challenge of identifying naturally occurring mutations within the HCV IRES of viral species present in clinical samples and evaluated their effect on translation in the context of a bicistronic RNA. In this study the 1b-IRES recovered from the HCV replicon pFK-I~377~neo/NS3-3′/wt was used as the wild-type (wt) IRES ([@B22]). Sequence analysis revealed that different isolates displayed diverse sets of mutations. The role of the each natural variant in IRES function was evaluated by introducing independent or combined mutations within the sequence of the wt 1b-IRES. Our results show that depending on their location within the RNA structure, mutations cause a range of effects on IRES activity. Notably and in agreement with previous reports, we find that mutations within the IRES IIId subdomain have the most drastic effects on HCV IRES activity. In an attempt to further explain these observations, the dynamic behavior of the reference wt-IRES and of the specific mutations within the IRES subdomain IIId was analyzed by means of molecular dynamics (MD) simulations. Strikingly, MD analysis predicted that one of the isolated mutants in the IIId subdomain, namely mutant G266A/G268U, exhibited structural conservation with respect to the wt-IRES. This prediction was confirmed by circular dichroism (CD) spectroscopy. Together, our results confirm the stringent structure/function relationship exhibited by the HCV IRES, but also suggest that the primary sequence of subdomain IIId plays a role in, and is required, for IRES-mediated translation initiation.

MATERIALS AND METHODS
=====================

Patients
--------

Nineteen patients recruited from the outpatient clinic of the Hepatology Unit of the Clinical Hospital, Pontificia Universidad Católica de Chile (PUC) were included in this study. Protocols followed in this study were approved by the Ethical Review Board of the Faculty of Medicine, PUC. Donors signed a written consent form also approved by the Ethical Review Board of the Faculty of Medicine, PUC, before donating blood. Patient inclusion criteria have been described elsewhere ([@B23]). All patients were naïve to antiviral treatment. Both plasma and peripheral blood mononuclear cells (PBMC) were collected from each individual as previously described ([@B23]).

RNA purification
----------------

Total RNA was extracted using a protocol adapted from Chomczynski and Sacchi using a pellet of 5 × 10^6^ cells or 200 µl of plasma ([@B24]). RNA was resuspended in 30 µl of nuclease-free water. RNA concentrations were determined by spectrophotometry (GeneQuant, Pharmacia).

Plasmids
--------

The HCV subgenomic replicon pFK-I~377~neo/NS3-3′/wt (accession number: AJ242652) was kindly provided by Dr. R. Bartenschlager (University of Heidelberg, Germany) ([@B22]). Plasmid dl Δ-EMCV was kindly provided by Dr. P. Sarnow (Stanford University, USA) and corresponds to the Renilla luciferase-delta EMCV-Firefly luciferase vector that lacks an active IRES element ([@B25],[@B26]). For the construction of vector DL-HCV 1b the HCV 1b IRES (nucleotide 13 to 383; AJ242652) was recovered by a one-step reverse transcription (RT)-polymerase-chain reaction (PCR) using the SuperScript^TM^ III one step RT-PCR system with Platinum® Taq DNA Polymerase (Invitrogen) kit from the HCV subgenomic replicon pFK-I~377~neo/NS3-3′/wt using primers P1-XhoI (5′GCCGCTCGAGTTGGGGGCGACACTCCACCATAGATC 3′) and P4-EcoRI (5′ CGGGGAATTCGTTACGTTTGGTTTTTCTTTGAGG 3′). The amplicon was cloned into the pGemT-easy vector (Promega). The pGemT plasmid DNA harboring the HCV 1b IRES was digested with XhoI and EcoRI and the recovered HCV IRES was cloned into the intercistronic region of the dual luciferase (DL) (RLuc/FLuc) vector described in Brasey *et al.* ([@B25]) previously digested with XhoI and EcoRI to eliminate the Δ-EMCV-HIV-1 IRES sequences. HCV IRESes were recovered from total RNA purified from clinical samples by a one step RT-PCR using the SuperScript^TM^ III one step RT-PCR system with Platinum® Taq DNA Polymerase (Invitrogen) kit using the P1-XhoI and P4-EcoRI primers and cloned directly into the pGemT-easy vector (Promega). pGemT plasmids harboring the HCV IRESes recovered from bacterial colonies were digested with XhoI and EcoRI and the viral IRES was cloned into the intercistronic region of the dual luciferase (DL) (RLuc/FLuc) as described above. All clones were sequenced (Macrogen Corp, USA) and aligned against the HCV prototype sequences using the CLUSTAL W program ([@B27]). A schematic representation of the biscistronic vectors used in this study is shown in [Figure 1](#F1){ref-type="fig"}A. For the generation of mutants C67T, A73G and G90A the DL-RLuc/FLuc vector harboring IRESes isolated from clinical samples containing each of the mutation were digested with XhoI and AgeI and ligated into the DL-RLuc/FLuc vector contained the HCV 1b IRES previously digested with XhoI and AgeI. For the generation of mutants A223G, U306C, C340T/G350A and U356A/A359G the DL-RLuc/FLuc vector harboring IRESes isolated from clinical samples containing the mutation were digested with AgeI and EcoRI and cloned into the DL-RLuc/FLuc vector contained the HCV 1b IRES previously digested with AgeI and EcoRI. For the construction of the HCV IRES G82A/A172G and A119C/G331A double mutants the DL-RLuc/FLuc vector contained mutation A172G and G331A, respectively, obtained by PCR (as described below) were digested with AgeI and EcoRI and the fragment was ligated with the DL-RLuc/FLuc vector harboring the G82A and A119C changes, respectively, previously digested with AgeI and EcoRI. Point mutations G82A, A119C, G137T, A172G, A252G, G266A, G268T, G271A, G331A, A252G/G271A and G266A/G268T (primers mut 1 to 11, respectively) were introduced into the DL-RLuc/FLuc vector harboring the HCV 1b IRES following a PCR-based mutagenesis protocol ([@B28]), using three common oligonucleotides (renFw, P2anti and P1tag) and one mutation-specific oligonucleotide (mut 1-mut 11) for each mutant ([Table 1](#T1){ref-type="table"}). To obtain plasmids the DL-RLuc/FLuc vector harboring the mutant IRES two successive rounds of PCR using Platinum Taq DNA polymerase High Fidelity (Invitrogen) were conducted. The first round consists of two simultaneous PCR reactions one using the renFw and the different mut primers (containing the mutation, [Table 1](#T1){ref-type="table"}) while the second PCR was conducted using primers P1tag and P2anti ([Table 1](#T1){ref-type="table"}). Amplicons from each PCR reaction were purified, mixed and subjected to another round of PCR using the external primers renFw and P2anti ([Table 1](#T1){ref-type="table"}). The resulting PCR products were digested with XhoI and EcoRI and ligated into the intercistronic region of the DL-RLuc/FLuc vector previously digested with XhoI and EcoRI (see above). All constructs were verified by sequencing (Macrogen Corp, USA). Oligonucleotides used in this study are listed in [Table 1](#T1){ref-type="table"}. Figure 1.Translational activity of the natural HCV IRES variant isolated from clinical samples. (**A**). Schematic representation of the bicistronic constructs used. The HCV IRESes recovered from clinical samples were cloned into dual Luciferase bicistronic (DL) vectors harboring Renilla (RLuc) and Firefly (FLuc) luciferases as reporter genes. The 1b HCV IRES recovered from the HCV subgenomic replicon pFK-I~377~neo/NS3-3′/wt ([@B22]), was cloned into a DL-vector to generate plasmid DL HCV-1b, the positive control. The RLuc/FLuc bicistronic vector harboring a defective encephalomyocarditis virus (ΔEMCV) IRES, named DL-ΔEMCV, known to inhibit ribosome reinitiation and readthrough, inserted upstream of the FLuc reporter was used as a negative control ([@B25],[@B26]). (**B**) HCV IRESes arbitrarily numbered 1--28 isolated from clinical samples were cloned into the DL-vector. Viral genotype and number of recovered clones, number in brackets, are shown. Natural variations within the IRES nucleotide sequence were identified by sequencing followed by alignment with the 5′UTR of HCV genotype 1b (AJ238799.1), 2a (D00944), 3a (D17763) and 5a (Y13184) prototypes. DL-vectors were arbitrarily named according to their IRES, from 1 to 28 (IRES 1--28). Translational activity of the different DL RNAs with HCV-IRESes 1--28 were evaluated in comparison with the DL HCV-1b and the DL-ΔEMCV control RNAs in the RRL. RLuc and FLuc activities were measured and the \[(FLuc/RLuc)\] ratio was used as an index of IRES activity. The \[(FLuc/RLuc)\] ratio of the DL IRES-1b RNA was arbitrarily set at 100%. Values are the means +/-- SD from three independent experiments. Table 1.Oligonucleotides used to generate the mutant HCV 1b IRESes described in this studyNameOrientationSequence (5′ to 3′)renFwSenseTCGGACCCAGGATTCTTTTCP2antiAntisenseTCTCTTCATAGCCTTATGCAGTTGP1tagSenseTGGCGAATAATTGGGGGCGACAC TCCACCATAGmut1AntisenseCGCCATGG**t**TAGACGCTTTCmut2AntisenseTCCCGGGAGGGGGGG**g**CCTmut3AntisenseCACTATGG**a**TCTCCCGGGAGmut4AntisenseCGCCATGG**t**TAGACGCTTTCmut5AntisenseCTACTCGGC**c**AGCAGTCTCGmut6AntisenseTCGCGACC**t**AACACTACTCGmut7AntisenseTCGCGA**a**CCAACACTACTCGmut8AntisenseAAGGCCTTTCG**t**GACCCAACmut9AntisenseTGCACGGT**t**TACGAGACCTGmut10AntisenseCTTTCG**t**GACCCAACACTACTCG GC**c**AGCAGmut11AntisenseTCGCGA**a**C**t**AACACTACTCG[^1]

*In vitro* transcription
------------------------

Uncapped mRNAs were synthesized with T7 RNA polymerase (Fermentas). In brief, plasmids linearized with BamHI were used for *in vitro* transcription in a 25 μl final volume. The template DNA was digested with DNase I, and RNA was precipitated with 2.5 M LiCl. RNA was resuspended in diethyl pyrocarbonate (DEPC)-treated water. Capped mRNAs were synthesized using the mMESSAGE mMACHINE High Yield Capped RNA Transcription Kits (Ambion, Applied Biosystems) following manufacturer\'s specifications. The poly(A) tailing kit (Ambion, Applied Biosystems) was used to add poly(A) tail to the capped mRNAs according to the manufacturer\'s specifications. RNA concentrations were determined spectrophotometrically and RNA integrity was monitored by electrophoresis on denaturing-agarose gels.

*In vitro* translation
----------------------

For *in vitro* translations nuclease-treated rabbit reticulocyte lysate (35% RRL, Promega) were programmed with 8 ng/μl of RNA and reactions were performed at 90 min at 30°C, using salt conditions described in Svitkin *et al.* ([@B29]). Human hepatoma cell line, Huh-7 (kindly provided by Dr. Bartenschlager) were grown as previously described ([@B22]), and Huh-7 based cell free translation extracts that were prepared according to previously published protocols ([@B29]). Huh-7 translation extracts (50%) were programmed with 60 ng/µl of RNA and translation was conducted for 90 min at 30°C. Renilla and Firefly Luciferase activities were measured in a single tube using the Dual-Luciferase® Reporter Assay System (Promega) on a Sirius luminometer (Berthold Detection Systems) according to the manufacturer\'s protocol.

Tranfection of Huh-7 cell
-------------------------

The 5′capped and 3′polyadenylated bicistronic RNAs harboring the mutant IRESes were transfected into Huh-7 cells using Lipofectamine 2000 Transfection Reagent (Invitrogen) according to the manufacturer\'s protocol. Huh-7 cells were grown to 90% confluence in 12-well tissue culture plates and transfected with a total of 400 ng of capped/polyadenylated RNA. Cells were directly harvested with Passive Lysis 1X Buffer (Promega) 6--7 h post-transfection, and analyzed for luciferase as described above. The protein content of all samples was determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.).

HCV genotyping
--------------

HCV genotyping of virus present in plasma and PBMCs was performed using the reverse-hybridization line probe assay, INNO-LiPA HCV II kit (Innogenetics, Ghent, Belgium) according to the manufacturer\'s instructions. Genotyping was confirmed by sequencing (Macrogen Corp, USA) and phylogenetic analysis as previously described ([@B23]).

MD simulations
--------------

The HCV IRES IIId starting structure (wild type) was the best representative conformer of the experimental NMR data obtained by Lukavsky *et al.* (20; PDBid: 1F84). Mutants models (G266A, G268U and G266A/G268U) were generated from the wt structure using the Nucleic Acid Modeling tool within Discovery Studio® research environment (Discovery Studio v1.7. Accelrys Inc., San Diego 2007). Hydrogen atoms were energy minimized by CHARMM ([@B30],[@B31]), until a convergence of 0.001 kcal/mol·Å. During the minimization, the heavy atoms were held fixed and an implicit distance-dependent dielectric solvent model was employed ([@B32]). The wt and mutant models were embedded in a periodic box (72 × 96 × 72) containing ∼14 800 water molecules. The water phase was extended to a distance of 25 Å from every solute atom and the RNA helix charges were neutralized by addition of 29 Na^+^ counterions. Molecular dynamics simulations were carried out using the NAMD v 2.6 program ([@B33]). Nucleic acids parameters were taken from the Cornell force field ([@B34]), combined with the TIP3P water model parameters from CHARMM27 ([@B35]). Initial structures were energy minimized by conjugate gradient algorithm until a gradient tolerance of 0.001 was reached. After minimization, system temperature was raised in 30 000 steps to 298 K (0.01 K by step) by temperature reassignment method followed by 1 ns of equilibration. During heating and equilibration, initial harmonic constraints on heavy atoms were gradually turned off in rounds of 500 ps to a final value of 0. Production runs were performed during 6 ns at integration step of 1 fs in the isothermic--isobaric thermodynamic ensemble at 298 K using the Settle algorithm on bonds involving water hydrogen atoms. Van der Waals interactions were truncated at 12 Å, while electrostatic interactions were fully calculated with the Particle Mesh Ewald (PME) method. Non-bonded and long-range electrostatics forces were evaluated every 2 and 4 fs, respectively.

Structural analysis
-------------------

The calculation of the conformational space reachable by the individual nucleotides during the MD simulation was performed by the computation of the pseudotorsions angles between the two virtual bonds η (C4′~i-1~−P~i~−C4′−P~i+1~) and θ (P~i~−C4′−P~i+1~−C4′~i+1~) ([@B36]). Aromatic interactions between nucleotides were estimated by both; the distance between the centers of mass (COMs) of the aromatic bases, and by the α angle between the aromatic ring planes defined as the dot product of their normal vectors ([@B37]).

CD spectroscopy measurements
----------------------------

CD measurements were performed with a Jasco J-600 spectropolarimeter. Twenty-seven-nt RNAs corresponding to the HCV stem--loop IIId wt (nt 253--279, HCV 1b) or mutants G266A, G268U and G266A/G268U used in these assays were synthesized by Integrated DNA Technologies (Coralville, USA). Samples contained 11--16 μM RNA in water or 1, 2 or 5 mM MgCl~2~ were analyzed in a 1 mm CD quartz cuvette. RNA denaturation/renaturation experiments were performed as previously described ([@B38]). Wavelength scans were recorded from 200 to 300 nm at 50 nm/min at 25°C, using a 1 nm bandwidth, a 1 s response time. All the CD spectra were corrected by subtraction of the background for the spectrum obtained with water or MgCl~2~ at the appropriate concentration. Spectra were averaged over four to five accumulations. Results were expressed as mean residue ellipticity, in degrees cm^2^ dmol^--1^ ([@B38]).

RESULTS
=======

Isolation of HCV-IRES variants from viruses from the plasma and PBMCs of HCV chronically infected patients
----------------------------------------------------------------------------------------------------------

Fifty-four IRESes (nt 13--383) randomly isolated from clinical samples (plasma and PBMCs) obtained from 19 different HCV chronically infected individuals were cloned into a dual luciferase (DL) reporter construct containing an upstream *Renilla* luciferase gene (RLuc) and a downstream firefly luciferase gene (FLuc). In this context the HCV IRES activity was monitored using the FLuc activity as the readout, while the RLuc reporter gene serves as an upstream translational control ([Figure 1](#F1){ref-type="fig"}A). The RLuc/FLuc bicistronic vector harboring the type 1b IRES of the HCV subgenomic replicon pFK-I~377~neo/NS3-3′/wt ([@B22]) was used as a positive control, while a DL-vectors containing a defective encephalomyocarditis virus (Δ-EMCV) IRES ([Figure 1](#F1){ref-type="fig"}A), known to inhibit ribosome reinitiation and readthrough, inserted upstream of the FLuc reporter was used as a negative control ([@B25],[@B26]).

Sequencing of the 5′UTR followed by alignment analysis (data not shown) revealed that 89% of the isolated IRESes corresponded to genotype 1b, 7% to genotype 3a, 2% to genotype 2a and 2% to genotype 5a ([Figure 1](#F1){ref-type="fig"}B). IRESes were considered natural variants if they presented at least one nucleotide difference when compared to the reference genotype. In this study, the sequences from genotype 1b (AJ238799.1), 2a (D00944), 3a (D17763) and 5a (Y13184) were used as reference sequences. Natural variations in the nucleotide sequence of the HCV 5′UTR are referred to from here on as mutations. Sequence alignments showed that 14 out of the 48 1b isolated IRESes were identical in sequence to the control HCV-1b IRES (data not shown). In some cases similar mutant IRESes (IRES 8, IRES 9, IRES 12, IRES 13, IRES16, IRES 20, IRES 23 and IRES 24 in [Figure 1](#F1){ref-type="fig"}B) were isolated from different patients. In summary, only 28 of the initial 54 isolated IRESes, arbitrarily named 1--28, presented different sets of mutations when compared with the reference sequences ([Figure 1](#F1){ref-type="fig"}B).

*In vitro* activity of the natural variants of the HCV-IRES isolated from clinical samples
------------------------------------------------------------------------------------------

Next we evaluated the ability of the HCV IRESes recovered from clinical samples to drive translation in the RRL ([Figure 1](#F1){ref-type="fig"}B). The FLuc/RLuc ratio was used as an index of IRES activity, with the mean translation efficiency of the control HCV-1b IRES and the 14 1b-IRESes isolated from the clinical samples being arbitrarily set at 100% (± SD). As shown in [Figure 1](#F1){ref-type="fig"}B, the relative translation efficiencies (RTEs) of the variant IRESes differed considerably, from 9 to 109% when compared with the HCV-1b control. The residual activity of the DL-ΔEMCV RNA, lacking IRES activity, is 7% relative to the HCV-1b IRES. The RTE of the DL-ΔEMCV control vector was not subtracted from the RTE activities presented in [Figure 1](#F1){ref-type="fig"}B. These observations are therefore in concordance with results reported in previous studies ([@B19; @B20; @B21],[@B39; @B40; @B41; @B42; @B43]), and confirm that not all mutations impacted equally on HCV-IRES activity.

Influence of the mutations identified in natural IRES variants on the activity of the HCV-1b IRES
-------------------------------------------------------------------------------------------------

To determine the influence of each of the mutations on viral IRES activity, substitutions were introduced into the HCV-1b IRES and their effect on translation was evaluated *in vitro*. We focused our study on nucleotide changes found in mutant IRESes with an impaired RTE ([Figure 1](#F1){ref-type="fig"}B). DL-vectors with the different mutant IRESes were named according to the nucleotide change with respect to the control HCV-1b IRES. The ability of the different mutants to drive translation in RRL was evaluated using the FLuc/RLuc ratio as an index of IRES activity, with the mean translation efficiency of the control HCV-1b IRES being arbitrarily set to 100%. [Figure 2](#F2){ref-type="fig"}A summarizes our findings. Mutations present in subdomain IIId are excluded from this scrutiny as they are independently analyzed in the next section. Figure 2.Mutational analysis of the HCV 1b IRES. (**A**) The ability of the different 1b IRES mutants, named according to the mutation, to drive translation in the RRL was monitored. In these assays the FLuc/RLuc ratio was used as an index of IRES activity, with the mean translation efficiency of DL HCV-1b RNA being arbitrarily set at 100%. The HCV domains that harbor the mutations are indicated. Values are mean ± SEM from three independent experiments. (**B**) Schematic depicting the secondary structure of the HCV IRES subdomain IIId showing the locations of the nucleotide mutations introduced into the HCV 1b IRES background. (**C**) The ability of the different 1b IRES mutants, named according to the mutation, to drive translation in the RRL (black bar) or in Huh-7 cell free translational extracts (white bars) programmed with *in vitro* synthesized RNA was monitored. In these assays the FLuc/RLuc ratio was used as an index of IRES activity, with the mean translation efficiency of DL HCV-1b RNA being arbitrarily set at 100%. Values are mean ± SEM from three independent experiments. (**D**) Capped and polyadenylated RNA corresponding to the DL-vectors harboring the wt- or the IRES mutants were transfected into Huh-7 cell lines. Expression of the first cistron, RLuc, used as an indicator of transfection efficiency, and the expression from the second cistron, FLuc are shown. The FLuc/RLuc ratio was used as an index of IRES activity, with the mean translation efficiency of DL HCV-1b RNA being arbitrarily set at 100%. Values are mean ± SD from three independent experiments.

In general, mutations in domain II had a moderate effect on translation efficiency (RTE ranged from 95% to 52%; [Figures 1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}A). Transition U80C, located in the apical loop, had the most dramatic effect on IRES activity (RTE value of 52%). This finding is supported by a previous report showing a similar level of translation inhibition for the U80C and the U80A mutants ([@B44]). Mutation of nucleotide C104, shown to participate in a noncanonical base pair at the interaction surface of the IRES with the 40S ribosomal subunit ([@B45]), or of nucleotide A109 located at a Mg^2+^ binding site required to stabilize the conformation of subdomain IIa ([@B45]), had only a marginal effect on HCV IRES activity with RTE values of 95% and 71%, respectively ([Figure 1](#F1){ref-type="fig"}B).

Mutation G331A, predicted to destabilize a G331-C354 Watson--Crick interaction between the noncoding and coding portions of the viral IRES, in domain IV severely hindered HCV IRES translational activity (RTE of 28%; [Figure 2](#F2){ref-type="fig"}A). Other mutations found in domain IV, such as C340A (RTE of 104%) and G350A (RTE of 106%) did not significantly alter IRES activity ([Figure 1](#F1){ref-type="fig"}B). The natural variant A119C/G331A (IRES 7) had a RTE of 23% ([Figure 1](#F1){ref-type="fig"}B). Both mutations, when simultaneously introduced into the 1b-IRES consistently resulted in a translational activity of 21% ([Figure 2](#F2){ref-type="fig"}A). However, on its own the A119C transversion merely reduced 1b-IRES activity to 72% ([Figure 2](#F2){ref-type="fig"}A), which is similar to the RTE of 84% observed for the natural variant IRES 6 ([Figure 1](#F1){ref-type="fig"}B). Thus, we conclude that the G331A transition is responsible for the diminished IRES activity presented by IRES 7 ([Figures 1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}A).

Activity of IRES 18 (G82A/A172G/C127 and A207 insertions) was decreased by 73% ([Figure 1](#F1){ref-type="fig"}B). As insertion C127 (IRES 8; [Figure 1](#F1){ref-type="fig"}B) had marginal effects on HCV IRES activity, and mutation G82A/A207 insertion had no effect on IRES activity (IRES 17, [Figure 1](#F1){ref-type="fig"}B), we predicted that mutation A172G alone was responsible for the low translational activity exhibited by IRES 18 ([Figure 1](#F1){ref-type="fig"}B). The A172G substitution is expected to disrupt the Watson--Crick A172-U227 pair in helix IIIb disturbing the network of bonds required for keeping the IIIabc junction together ([@B19]), disruption of which is expected to compromise the ability of the IRES to bind eIF3 and the ribosome ([@B19]). In agreement with this prediction overall translational activity was reduced to 30% when the A172G mutation was introduced in the context of the 1b-IRES ([Figure 2](#F2){ref-type="fig"}A). The low translational activity (RTE of 32%) of IRES G82A/A172G further validates our conclusion ([Figure 2](#F2){ref-type="fig"}A). Note that the A172G transition did not affect IRES activity as severely as the previously described A172U transvertion ([@B19]), suggesting that the conservation of a purine residue at position 172 might partially preserve the structure of the IIIabc junction.

HCV IRES activity is highly susceptible to mutations within subdomain IIId
--------------------------------------------------------------------------

HCV IRES subdomain IIId, which spans nucleotides 253 to 279, forms the most extensive contact of the HCV IRES on the 40S subunit body ([@B20],[@B46]). Consistent with this function mutations or deletions in subdomain IIId are reported to be deleterious to HCV IRES activity ([@B20],[@B40; @B41; @B42],[@B47]). Consistent with these findings, results presented in [Figure 1](#F1){ref-type="fig"}B show that IRESes 15 (C67U/A252G/G271A) and 25 (G137U/G266A/G268U), both harboring mutations within subdomain IIId, displayed RTEs equivalent to the DL-ΔEMCV vector. To establish if indeed the mutations present in subdomain IIId were responsible for the low RTE displayed by IRESes 15 and 25, each mutation was independently introduced into the 1b-IRES. Under these conditions mutations C67U and G137U had only limited effects on HCV IRES activity (RTE of 88% and 64%, respectively; [Figure 2](#F2){ref-type="fig"}A). Therefore, on their own these mutations could not account for the lack of translational activity of IRESes 15 and 25. However, in agreement with previous reports ([@B10],[@B20],[@B40; @B41; @B42]), point mutations A252G, G266A, G268U and G271A ([Figure 2](#F2){ref-type="fig"}B), diminished HCV IRES activity to 47%, 14%, 14% and 59%, respectively ([Figure 2](#F2){ref-type="fig"}C). The dual substitution mutants A252G/G271A and G266A/G268U also showed important reductions in translational activity (RTE of 15% and 14%, respectively) ([Figure 2](#F2){ref-type="fig"}C).

Biochemical reconstitution of the initiation process on the HCV IRES revealed that formation of the IRES-40S-eIF3 ternary preinitiation complex is independent of other eIFs ([@B15]). However, the HCV IRES requires cellular proteins for optimal translational activity ([@B48],[@B49]). One plausible explanation for the impairment in translational activity observed for the different IIId mutants is that HCV IRES transacting factor(s) are absent from, or available in limiting concentrations in the RRL. To assess this possibility, translation efficiencies of the different IIId mutants were evaluated in Huh-7 cell-derived translation extracts ([@B29]). Huh-7 cells represent a well-characterized human hepatocellular carcinoma cell line known to support replication of the HCV subgenomic replicon and the JFH1 genotype 2a HCV strain ([@B22],[@B50]). In Huh-7 cell-based translation extracts mutants A252G, G266A, G268U, G271A, A252G/G271A and G266A/G268U exhibited a drastic reduction in translational activity ([Figure 2](#F2){ref-type="fig"}C). The apparent discrepancy between the results obtained in RRL (nuclease-treated) versus Huh-7 cell based translation extracts is likely due to the presence of endogenous mRNA in the latter, leading to competition for the translational apparatus and to lower translational activity.

To further challenge our observations we next assessed whether mutations within HCV IRES subdomain IIId reduce translation in cells. The rational for this experiment was derived from the report of Otto and Puglisi ([@B6]), who reported that deletion of the IIId loop-E motif diminished HCV IRES mediated translation in the RRL but not in cells. To this end, the *in vitro* generated, capped and polyadenylated RNA corresponding to the DL-vectors harboring the wt- or the mutant-IRESes were transfected into Huh-7 cell lines ([Figure 2](#F2){ref-type="fig"}D). Expression of the first cistron, RLuc, was used as an indicator of transfection efficiency ([Figure 2](#F2){ref-type="fig"}D). Consistent with the data generated *in vitro*, mutations within subdomain IIId totally impaired HCV IRES activity in Huh-7 cells ([Figure 2](#F2){ref-type="fig"}D).

MD simulations of HCV IRES subdomain IIId
-----------------------------------------

The overall structure of subdomain IIId is well defined by NMR ([@B20],[@B51]). Thus, to obtain insights into the molecular mechanisms by which mutations in the loop region of subdomain IIId might hinder HCV IRES activity, we used the NMR data to produce *in silico* models of HCV IRES wt and mutant IIId subdomain ([Figure 3](#F3){ref-type="fig"}A). The dynamic behavior of these models was studied by means of MD simulations of the wt- and mutant-IIId subdomains, which exhibited a broad structural conservation of the average features that characterize the IIId domain ([Figure 3](#F3){ref-type="fig"}A). Consistent with both the NMR data and previous MD simulation reports ([@B20],[@B52]), the average root mean squared deviation (RMSD) values per nucleotide were \<3 Å in all but the hexanucleotide (HN) hairpin loop region ([Figure 3](#F3){ref-type="fig"}B). Strikingly, the MD simulations predicted that the G266A, G268U and G266A/G268U mutations only generate a local conformational change in the apical HN loop region ([Figure 3](#F3){ref-type="fig"}A and B). When comparing the HN loop regions of the four MD models, mutant G268U appears to be the most disordered while the G266A/G268U double mutant exhibits higher stability ([Figure 3](#F3){ref-type="fig"}A and B). Figure 3.Structural study of HCV IRES subdomain IIId. (**A**) Comparative structural analysis of the subdomain IIId wild type and mutant models. Superimposed structures taken at 0, 1, 2, 3, 4, 5 and 6 ns of the collection phase of MD simulations. The structures are colored according to the average RMSD values. The main structural regions within subdomain IIId are mapped in the wild type model on left. Region I represents a right-handed A-form helix with Watson--Crick base pairing between nucleotides G253-C279, C254-G278 and C255-G277. Region II corresponds to a loop E structure with a characteristic S-turn composed of two sheared base pairs (G256-A276, A260-G273), a A257-A275 parallel base pair and a base triple between G258 and the reverse Hoogsteen pair U259-A274. Region III is an U262-G271 wobble base pair flanked by two Watson--Crick base pairs (G261-C272, G263-C270). Region IV is a disordered, -~264~UUGGGU~269~-, hexanucleotide (HN) loop region ([@B20],[@B51]). (**B**) Average RMSD per nucleotide (computed for C3′ atoms) during 6 ns of MD simulation. In the *x*-axis the HN loop bases appear highlighted in blue. Average RMSD values for the U265 base in the single mutant models are highlighted with an asterisk. (**C**) η-θ plot of nucleotide U265 during the MD simulation of; I) the HCV wt-IIId; II) the G266A-G268U double mutant; III) the G266A mutant and IV) the G268U mutant presented according to ([@B36]). (**D**) A representative MD snapshot of the *in silico* generated models (see text) in which the base stacking among the apical HN nucleotides is presented. The aromatic rings of nucleotides 264 to 269 appear in tubular form (colored licorice) according to the atom types. The remaining nucleotides are represented by lines. The green arrowhead indicates the additional hydrogen bond recognized during the simulation. (**E**) Stability of intramolecular hydrogen bond in the double mutant G266A-G268U monitored during the MD experiment. Distances between the heavy atoms of the hydrogen donor and acceptor groups are plotted. This interaction, together with the Watson--Crick G263-U270 base pair contributes to a decrease in the mobility of residues in the HN loop region.

Some features within the HN loop region such as the base stacking between nucleotides 266 and 267, the location of nucleotide 268 above the major groove and the exposure of U269 to the solvent phase resulted in common elements to all the analyzed structures ([Figure 3](#F3){ref-type="fig"}D). The most noticeable difference between the four MD models is the conformational preference for nucleotide U265 ([Figure 3](#F3){ref-type="fig"}B and C). NMR shows that in the wt-context U265 is highly disordered in comparison to the three guanosine residues ([@B20]). However, an analysis of pseudotorsion angles of the different MD models underscores the restricted conformation of U265 in the double mutant, highlighting clear differences between the single mutants and the wt model ([Figure 3](#F3){ref-type="fig"}C) ([@B36]). These results further stress the higher stability of the G266A/G268U double mutant when compared to both the single mutants and to the wt-IIId MD models ([Figure 3](#F3){ref-type="fig"}). Flexibility of U265 in the single mutants allows this nucleotide to locate toward the minor groove enabling the establishment of an aromatic stacking interaction with the nucleotide at position 266 ([Figure 3](#F3){ref-type="fig"}D). This interaction, albeit observed only transiently during data collection (data not shown) is able to modify the local environment around nt 266 and 267, both important for IRES-40S subunit interaction ([@B20]). The increased stability in the HN hairpin region exhibited by the G266A/G268U double mutant can be explained by a noncanonical hydrogen bond interaction established between 2′-hydroxyl groups from nucleotides U264 and ribose U268 in the major groove of the structure ([Figure 3](#F3){ref-type="fig"}D and E). This type of base--ribose interaction is known to stabilize RNA structures ([@B53]) and most probably restores, to some extent, the loop structure that is normally stabilized by a trans-wobble U264-G268 base pair ([@B51]). These data highlight the significance of the trans-wobble U264-G268 base pair in the structure conservation of subdomain IIId.

CD spectroscopy studies of the HCV IRES subdomain IIId
------------------------------------------------------

The MD data predicted that wt- and G266A/G268U mutant IIId folding was similar ([Figure 3](#F3){ref-type="fig"}A). To challenge this prediction, we studied the circular dichroism spectra (CD) of a synthetic 27-nt RNA corresponding to the HCV IRES subdomain IIId (nt 253--279) ([@B20]). CD is mostly based on a comparative analysis between different structures, but provides essential information about the conformational properties of nucleic acids in solution ([@B54]). This experimental approach has previously been used to study the folding of the HCV IRES upon thermal melting ([@B38]). Controversy remains over the effect of Mg^2+^ ions on IRES structure ([@B38],[@B40],[@B51]), thus we first evaluated by CD the effect of Mg^2+^ ions (0, 1, 2 or 5 mM) on the folding of subdomain IIId upon thermal melting followed by renaturation as previously described ([@B38]). The selection of ion concentrations was based on reports showing that a folding transition of the HCV IRES occurs at a 1 mM Mg^2+^ ([@B40]), *in vitro* HCV IRES activity is optimal at 2 mM Mg^2+^ ([@B40],[@B55]) and HCV IRES is functional, albeit to a lesser extent, at 5 mM Mg^2+^ ([@B38],[@B56]). Before conducting the assays we established the effect of Mg^2+^ ions on RNA aggregation. Consistent with previous reports ([@B38],[@B40]), we found that all synthetic RNAs resolved as a sharp single band in native polyacrylamide gel electrophoresis in the presence of 0, 1, 2 or 5 mM Mg^2+^, indicating an absence of RNA aggregation in these experimental conditions (data not shown).

The CD spectra of renatured wt-IIId RNA revealed that, in isolation, the renaturation of subdomain IIId (a synthetic 27-nt RNA) following thermal melting was ion-dependent ([Figure 4](#F4){ref-type="fig"}A). The CD spectra of the wt-IIId and mutant-IIId RNAs exhibited two major peaks centered at 260 and 205 nm. These peaks are due to π--π electron transitions in the stacked planar bases, influenced by asymmetric 3′-endo sugar rings ([@B38],[@B54]). The wavelengths of the peak are characteristic of RNA in an A-form helical conformation ([@B38]). Upon thermal melting the CD spectra of the wt-IIId significantly changed when RNA was renatured in presence of Mg^2+^ ions ([Figure 4](#F4){ref-type="fig"}A). The change in the CD spectra are assumed to reflect the conformational change in the RNA induced by Mg^2+^ binding ([@B38],[@B54]). The magnitude of peaks at 260 and 205 nm increased when 1 and 2 mM MgCl~2~ was added, indicating increased helix structure and base stacking. In agreement with previous reports a folding transition occurred between 0 and 1 mM Mg^2+^ ([Figure 4](#F4){ref-type="fig"}A) ([@B40]). The structure of the subdomain IIId was maintained at 2 mM Mg^2+^, while at 5 mM Mg^2+^ 260 and 205 nm peaks decreased relative to those at 1 and 2 mM Mg^2+^ ([Figure 4](#F4){ref-type="fig"}A). Even though the effect of 5 mM Mg^2+^ on the conformational changes of subdomain IIId cannot be readily explained, data were highly reproducible in repeat experiments. Taken together, these data stress that upon thermal denaturation Mg^2+^ ions are required to permit folding of subdomain IIId of the HCV IRES. Figure 4.HCV IRES subdomain IIId adopts an ion-dependent structure. (**A**) Circular dichroism spectra (CD) of synthetic 27-nt RNAs corresponding to nucleotides 253--279 of the wt-IIId upon thermal melting followed by renaturation in the presence of in varying concentrations (0, 1, 2 and 5 mM) of MgCl~2~. Wavelength scans were recorded from 200 to 300 nm as indicated in 'Materials and Methods' section. (**B**) CD of synthetic 27-nt RNA corresponding to nucleotides 253--279 of the wt and mutant IIId subdomains upon thermal melting followed by renaturation in the presence of 2 mM MgCl~2~.

We next studied the CD renaturation spectra of the G266A, G268U and G266A/G268U mutant RNAs in the presence of 2 mM MgCl~2~ and compared them to the renaturation spectra of the wt-IIId RNA. Ion concentration affected the CD spectra of these RNAs in a dissimilar manner indicating, in the case of the native and the G266A/G268U double mutant RNAs, an increase in base stacking that might represent greater helix stability ([Figure 4](#F4){ref-type="fig"}B). Moreover and consistent with the MD models ([Figure 3](#F3){ref-type="fig"}), the CD spectra of the G266A/G268U double mutant strikingly resembled those of the wt-IIId, yet both CD spectra clearly differed from those obtained for the G266A and G268U single mutants, suggesting dissimilar RNA structures. These observations are in agreement with previous reports showing that a G266C mutation alters the ion-dependent structure of the HCV IRES ([@B40]). Therefore, the structural differences between both single mutants and the wt-IIId domain may be responsible for the reduced IRES activity ([Figure 2](#F2){ref-type="fig"}C).

Because the CD spectra obtained for the G266A/G268U double mutant resembled those of the wt-IIId at 2 mM Mg^2+^ ([Figure 4](#F4){ref-type="fig"}B) we decided to establish if this structural similarity was maintained at different Mg^2+^ concentrations ([Figure 5](#F5){ref-type="fig"}). Noticeably, the double mutant and wt-IIId domains exhibited similar CD renaturation spectra in either the absence or the presence of different concentrations of Mg^2+^ ions indicating that, in isolation, the wt-IIId and G266A/G268U double mutant subdomain IIId share similar structural features ([Figure 5](#F5){ref-type="fig"}). Overall, the evidence presented herein strongly suggests that mutations G266A/G268U hinder IRES activity without altering the structure of subdomain IIId. Figure 5.Wild-type and the G266A/G268U double mutant HCV IRES subdomain IIId adopt similar ion-dependent structures. CD of synthetic 27-nt RNA corresponding to nucleotides 253--279 of the wt or G266A/G268U double mutant-IIId upon thermal melting followed by renaturation in the presence of varying concentrations (**A**) 0, (**B**) 1 mM, (**C**) 2 mM and (**D**) 5 mM of MgCl~2~.

DISCUSSION
==========

The molecular mechanisms that determine the function of viral IRESes are not clearly understood. In the case of the HCV IRES the demonstration that many domain mutations resulting in reduced protein synthesis can be restored by compensatory mutations suggests that the IRES structure is required to initiate protein synthesis ([@B9],[@B13],[@B19; @B20; @B21],[@B57; @B58; @B59]). Also, mutations in the loop regions of subdomains IIIc and IIIe indicate that the function of the HCV IRES relies, to some degree, on its primary sequence ([@B39],[@B60]). In this study, we have sought to further understand the relation between IRES structure and function by analyzing natural variants of the HCV IRES isolated from clinical samples. Results of this study not only confirm the stringent structure/function relationship exhibited by the HCV IRES but also highlight the importance of the primary sequence of subdomain IIId in the translation of the viral mRNA.

Natural IRES variants of HCV genotypes 1b, 2a, 3a and 5a were isolated from clinical samples ([Figure 1](#F1){ref-type="fig"}B). Sequencing analysis allowed the identification of naturally occurring mutations within the isolated IRESes ([Figure 1](#F1){ref-type="fig"}B). Interestingly, a number of the variants identified herein have been previously found in clinical samples ([@B39],[@B41],[@B61; @B62; @B63]). The effect of the naturally occurring mutations on IRES-driven translation was evaluated by introducing each one in the wt-1b IRES background ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Consistent with previous reports our results show that mutations within domains II and IV ([Figures 1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}A) have a moderate effect on translation efficiency while mutations in domain III ([Figure 2](#F2){ref-type="fig"}B--D) diminished the activity of the HCV IRES. Interestingly, among the natural IRES variants isolated in this study we identified mutations within subdomain IIId that hindered IRES activity without altering the local folding of this subdomain ([Figures 2--5](#F2 F3 F4 F5){ref-type="fig"}). To further understand how mutations within loop structures could diminish IRES activity we performed MD simulations on a model of the IIId domain developed on the basis of previously reported NMR data ([@B20],[@B51]). Unexpectedly, MD simulations predicted that one of the tested IRES mutants, namely the G266A/G268U double mutant, shared similar structural features with the wt-IIId subdomain ([Figure 3](#F3){ref-type="fig"}). This prediction was confirmed by CD spectrometry analysis at different Mg^2+^ ion concentrations ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Together, these observations suggest that the G266A/G268U double mutant folded into a structure similar to the wt-IIId, yet the 1b-IRES that harbors these mutations lacks the ability to initiate translation. Consequently, it can be concluded that the primary sequence of subdomain IIId is required for optimal translation from the HCV IRES. Interestingly, the importance of the primary sequence in HCV IRES function does not seem to be restricted to the HN loop of subdomain IIId. A previous study describes that IRES activity is hindered by mutations within loops IIIc but that IRES folding is not altered ([@B39]). This sensitivity to primary sequence is not however a feature common to all loop structures within the HCV IRES. In agreement with previous reports ([@B39],[@B58],[@B64]) we describe insensitivity to mutational changes within the subdomain IIIb loop (IRES 9, [Figure 1](#F1){ref-type="fig"}B), suggesting that in this case the primary sequence does not play a role in HCV IRES function.

Several models can be proposed to explain our observations. One possibility is that the primary sequence of the HN loop is important for preserving long distance RNA--RNA interactions of subdomain IIId with subdomains IIIe and IIIf ([@B40]), or between subdomain IIId and domain II ([@B65]). This option is consistent with data showing that subdomain IIId participates in IRES structural transitions affected by ions ([@B38],[@B40]), and with observation indicating that mutations within this subdomain induce structural reorganization of the HCV IRES ([@B42]). Considering that subdomain IIId participates in the docking of the 40S ribosomal subunit, an alternative possibility is that mutations within this subdomain inhibit 40S ribosomal subunit binding to the IRES. In agreement with this option a previously described IRES mutant \[G(266--268)C\] exhibited reduced 40S binding affinity and resultant block of 48S preinitiation complex formation ([@B8],[@B10]). However, our previous model fails to explain data generated using IRES mutant G(266--268)A ([@B6],[@B20]). When compared to the wt-IRES the G(266--268)A mutant does not exhibit an altered secondary structure. The mutations only marginally alter the binding capacity of the 40S ribosomal subunit, yet, consistent with our findings nucleotide substitutions cause a severe translation defect ([@B6],[@B20]). It would therefore seem that preserving the fold of subdomain IIId \[G(266--268)A\] is not sufficient to ensure IRES-activity ([@B6],[@B20]).

After binding, the subsequent docking of the IRES ORF into the mRNA cleft requires some degree of structure melting. For example, nucleotide substitutions predicted to enhance the stability of the domain IV stem--loop are deleterious to translation initiation both *in vitro* and *in vivo* ([@B18]). Additional mutations that destabilize the stem--loop restored translation to a normal level ([@B18]). Thus, melting of some RNA domains may be required for translation initiation to progress beyond 40S binding. The predicted stabilization of subdomain IIId in the G266A/G268U double mutant ([Figure 3](#F3){ref-type="fig"}) may lock the 40S ribosomal subunit into a conformation which inhibits further steps of the initiation or the elongation process. Alternatively, stabilization of subdomain IIId may prevent the correct positioning of the 40S ribosomal subunit over the IRES element ([@B6],[@B66]). This is of special relevance considering that correct binding of the 40S ribosomal subunit is required for the IRES to position the viral mRNA in the ribosomal P site without the assistance of canonical initiation factors.

In conclusion, the presented mutational and structural studies indicate that full functionality of the HCV IRES relies on both its primary sequence and secondary structure. Based on the stringent relationship between sequence/structure/function of subdomain IIId and on the fact that it is highly conserved among HCV genotypes it seems reasonable to propose that this subdomain of the HCV IRES holds promise as a specific target for the development of novel antiviral strategies directed against viral protein synthesis.
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[^1]: Mutations introduced in the HCV IRES are in lower case and in bold.
